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Abstract: The reliability of diarylheptanoids as chemo-
taxonomic markers at inter- and intraspecific levels has 
been investigated. Six diarylheptanoids were quantified 
in bark ethanol extracts of four Alnus spp. populations by 
ultra-performance liquid chromatography-tandem mass 
spectrometry (UPLC-MS/MS). The populations described 
here as locus classicus Alnus glutinosa (I) and locus classi-
cus Alnus incana (III) are clearly differentiated. Compared 
to population I, individuals in population III have higher 
extract yields and hirsutanonol-5-O-β-D-glucopyranoside 
content and lower contents of hirsutanonol, rubranoside 
A and oregonin. Individuals from neighboring popula-
tions of A. glutinosa (II) and A. incana (IV) share similar 
contents of hirsutanonol. All the studied populations 
exhibit a high intrapopulation variability of the selected 
diarylheptanoids; they have a heterogeneous chemotype 
and they partially overlap. The geographical proximity of 
populations II and IV increases their chemical similarity. 
Principal component analysis (PCA) clearly shows that the 
biggest dispersion of individuals lies within population 
IV. The reason for its heterogeneity might be its physical 
proximity to population II, i.e. the appearance of hybrids. 
Also, geometric morphometrics of leaves was performed 
as a screening criterion for spontaneous hybrids.
Keywords: Alnus glutinosa, Alnus incana, Betulaceae, dia-
rylheptanoid, geometric morphometrics, hirsutanonol-5-
O-β-D-glucopyranoside, oregonin, principal component 
analysis (PCA), rubranoside A
Introduction
Alnus glutinosa (L.) Gaertn. (black alder) and Alnus incana 
(L.) Moench (gray alder) are plant species in the family 
Betulaceae. Alnus species are probably the most important 
vascular plants in European forests that fix atmospheric 
nitrogen (Mikola et  al. 1983). They act as water and air 
filters, protect riparian systems from excessive erosion and 
contribute to biodiversity by providing habitats for spe-
cific flora and fauna both on their aboveground parts and 
in the flooded root system (Mejnartowicz 2008; Claessens 
et al. 2010). Black alder is distributed all over Europe, from 
central Scandinavia in the north to the Mediterranean in 
the south, and from Ireland in the west to Siberia in the 
east. It is most often found in damp sites near springs, 
creeks and rivers and on mountains 600–1000  m a.s.l. 
Gray alder is found mainly in northern, middle and south-
eastern Europe in moist sites at altitudes up to 2000  m 
(Jovanović 2007). Hybrids between black and gray alder are 
commonly found within sympatric populations of the two 
species (Banaev and Bažant 2007; Bašić et al. 2014). The 
morphological characteristics of species and hybrids have 
been extensively studied and are well described (Parnell 
1994; Banaev and Bažant 2007; Vander Mijnsbrugge 2015).
Woody species like alder that have large geographic 
ranges, outcrossing breeding systems, widely dispersed 
seeds and both generative and vegetative reproductive 
strategies commonly exhibit greater genetic diversity 
within species and populations and less variation between 
populations (Hamrick et  al. 1992; Mejnartowicz 2008). 
Chemodiversity is the variation of the composition of sec-
ondary metabolites among species, populations, individ-
uals and different plant parts (e.g. Moore et al. 2014). In 
chemotaxonomic studies of plants, different methods are 
used [e.g. chemiresistor sensor array (Kalaw and Sevilla 
III 2018), Fourier-transform infrared (FTIR) absorption 
(Wang et al. 2016), DNA analysis (Yu et al. 2016)] as well as 
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various chemical compounds, of which secondary meta-
bolites are considered good chemotaxonomic markers 
(Nawawi et  al. 2016; Sartori et  al. 2016; Wu et  al. 2017). 
Chemotaxonomy is helpful in plant taxonomy on different 
hierarchical levels. For example, Šarac et al. (2013) differ-
entiated infraspecific taxa of Pinus nigra J.F. Arnold on the 
basis of essential oil composition; Wu et al. (2017) showed 
that two morphologically very similar species, Cinnamo-
mum micranthum Hayata and Cinnamomum kanehirae 
Hayata, the latter being endemic to Taiwan, can be dis-
tinguished by the chemical profiles of their leaf methanol 
extracts, and Anderson et  al. (1970) revealed different 
resin acid distributions in several subgenera of Pinus. It 
is well documented that the qualitative and quantitative 
chemical composition in a plant depends on both geno-
type and environmental conditions. Therefore, secondary 
metabolism variability at the population level will reflect 
population diversity, which is an important adaptive 
plant response to fluctuations in environmental condi-
tions. Moreover, quantitative variability in chemical traits 
has been shown to differentiate hybrid individuals from 
parent species (van Rozendaal et  al. 1999; Orians et  al. 
2000; Banjanac et al. 2017).
Leaf habit plays a crucial role in the systematics of the 
genus Alnus Mill. s.l. (Banaev and Bažant 2007). The leaf 
morphology of Alnus spp. has been thoroughly studied 
based on traditional morphometrics (Banaev and Bažant 
2007; Banaev 2009; Akbarian et al. 2011; Krauze-Michalska 
and Boratyńska 2013), where each individual measurement 
is regarded as a trait in its own right and is recognized as a 
single variable. It is common to draw biological conclusions 
based on separate analyses of single measurements. On the 
other hand, in geometric morphometrics, the shape of an 
individual is described with a configuration of landmarks, 
which represents a multidimensional datum rather than a 
collection of multiple variables (Zelditch et al. 2012). Analy-
ses of configurations are necessarily multivariate and have 
a greater ability to detect subtle differences in morphology. 
Recently, Vander Mijnsbrugge (2015) described geometric 
morphometrics to examine the phenotypic variability of 
black and gray alder and their putative hybrids.
Diarylheptanoids are a group of natural products exten-
sively investigated for a variety of bioactivities. They have 
been reported to exhibit anti-inflammatory, antioxidant, 
cytotoxic, estrogenic, antimicrobial, antiparasitic, hepato-
protective, neuroprotective and many other activities (Dinić 
et al. 2014; Novaković et al. 2014, 2015; Huang et al. 2016; 
Saxena et al. 2016; Sueth-Santiago et al. 2016; Suksen et al. 
2016; Thongon et al. 2017). In our previous work, it was dem-
onstrated that diarylheptanoids are powerful indicators in 
the identification of and discrimination between the species 
A. glutinosa and A. incana (Vidaković et al. 2018).
The purpose of the present study was to check the reli-
ability of diarylheptanoids as chemotaxonomic markers 
at the inter- and intraspecific levels by examining the fol-
lowing: (1) variability of populations described as locus 
classicus A. glutinosa and locus classicus A. incana; (2) var-
iability of geographically closely located populations of 
A. glutinosa and A. incana; and (3) variability and relations 
of populations within and among species. In addition, 
landmark-based geometric morphometrics of leaves will 
be carried out to investigate the appearance of hybrids.
Materials and methods
Chemicals: Diarylheptanoids used as standards (hirsutanonol-5-O-
β-D-glucopyranoside, oregonin, hirsutanonol, alnuside A, platyphyl-
loside and rubranoside A) (Figure 3) were isolated from the bark of 
A. glutinosa (Novaković et al. 2013). The extraction solution (96% EtOH, 
Table 1: Geographic location of the studied populations (I, II, III and IV) and sample size (nt – number of trees, nl – number of leaves).
Species
 
 
A. glutionosa  
 
A. incana
I   II III   IV
Locality   Prilički kiseljak   Rimski most   Golijska reka   Sastavci
Latitude (N)   43°36′55″   43°28′09.2″   43°21′46″   43°27′38.5″
Longitude (E)   20°08′04″   20°14′05.9″   20°15′26″   20°13′22.0″
Altitude (m)   565   655   1396   670
Forest community   Querco-Carpinetum 
sensu lato
  Querco-Carpinetum 
sensu lato
  Piceo-Alnetum 
incanaea
  Fagetum montanum 
sensu lato
Bark samples
 nt   21   20   21   18
Leaf samples
 nt   21   20   21   21
 nl   397   350   365   346
aGajić (1989).
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Reahem, Novi Sad, Serbia) was freshly distilled. Solvents for ultra-per-
formance liquid chromato graphy-tandem mass spectrometry (UPLC-
MS/MS) analysis were of chromatographic grade (Sigma-Aldrich, 
St. Louis, MO, USA).
Plant material: Qualitative and quantitative secondary metabolite 
variation in a species is influenced by several factors, such as plant 
age and size, tissue type, ontogenic stage, circadian and annual 
cycles (Moore et al. 2014). To reduce uncontrolled influences on the 
diarylheptanoid content, sample uniformity was looked for by select-
ing mature trees of similar age and by sampling the bark within a few 
days in the same season (22–23 April 2016), from the same tree height 
and exposition. Four natural populations of A. glutinosa (I and II) 
and A. incana (III and IV) were sampled in the Golija-Studenica Bio-
sphere Reserve (UNESCO-MAB) (II–IV) and on the northern border of 
Mt. Golija (I) (Table 1, Figure 1). Taxonomic identification of the plant 
material was done by Dr. Srdjan Bojović. The voucher specimens are 
deposited in the Herbarium of the Department of Ecology in the Insti-
tute for Biological Research, University of Belgrade, Serbia. The bark 
from 80 Alnus spp. trees was collected. The bark was air-dried and 
milled into powder. In addition, leaves from 83 trees were sampled in 
October 2017 for morphometric analysis.
Two relatively distant populations (30 km apart), locus classicus 
A. glutinosa (I) and locus classicus A. incana (III), were selected as 
control trees. Two relatively close populations (1.2 km apart), A. gluti-
nosa (II) and A. incana (IV), were selected to examine the chemovari-
ability, i.e. the presence of interspecific hybridization.
Preparation of bark extracts: Powdered bark samples (2 g) were 
extracted with 96% EtOH (20 ml) four times during 24 h assisted by 
an ultrasonic bath in the last hour of each extraction. Extract solu-
tions were evaporated. The extractives were dissolved in MeOH to a 
final concentration of 0.2 mg ml−1 and filtered through a 0.45-μm pore-
size filter (Agilent Technologies, Waldbronn,  Baden-Württemberg, 
 Germany) prior to ultraperformance liquid chromatography‐ 
electrospray ionization-tandem mass spectrometry (UPLC‐ESI‐MS/
MS)  analyses.
UPLC triple quad MS-MS analysis: Standard solutions for calibra-
tion were prepared from 500 μg ml−1 stock solution of a mixture of 
diarylheptanoid standards (hirsutanonol-5-O-β-D-glucopyranoside, 
oregonin, hirsutanonol, alnuside A, platyphylloside and rubrano-
side A) in MeOH. The concentrations of the calibration solutions 
ranged from 2.5 10−3 to 200 μg ml−1.
UPLC-ESI-MS/MS analyses were performed using a Waters 
Acquity Ultra Performance H Class system (Waters, Milford, MA, 
USA). Samples were separated on a Zorbax Eclipse Plus C18 column 
(1.8 μm, 2.1  mm × 100  mm) from Agilent technologies (Waldbronn, 
Baden-Württemberg, Germany) that was maintained at 40°C. The 
mobile phase consisted of 0.2% formic acid in water (solvent A) and 
acetonitrile (solvent B). The gradient elution program at a flow rate of 
0.4 ml min−1 was as follows: 0.0–6.0 min 19% B; 6.0–7.0 min 19–21% B; 
 7.0–7.1 min  21–100% B; 7.1–10.0 min 100% B; 10.0–10.1 min 100–19% B; 
10.1–12.0 min 19% B. The injection volume was 10 μl. The compounds 
were detected and quantified by a triple quadrupole mass spectrome-
ter Acquity TQD (Waters) that operated in multiple reaction monitor-
ing (MRM) mode, as described in Vidaković et al. (2018).
Leaf shape analysis: Mature leaves were collected, which were rec-
ognized by their position on the shoots. Because the primary axis of 
the shoots elongates at one pole, structures formed early in develop-
ment are located at the base of the shoot (juvenile leaves) and struc-
tures formed later assume apical positions (mature and intermediate 
leaves). The transition from a juvenile to an adult phase of vegetative 
growth usually occurs gradually and may involve rather subtle changes 
in shoot morphology and physiology. These differences are most obvi-
ous in woody species because of their prolonged juvenile and adult 
phases. Leaf shape is one of the most conspicuous signs of the vegeta-
tive phase of the shoot. Juvenile leaves are usually smaller and simpler 
in structure. Mature leaves grow in the middle part of the shoot and 
represent the characteristic shape of the species. Intermediate leaves 
Figure 1: Locations of the studied populations.
(a) Map of the Balkan Peninsula (Serbia is shaded), with the study 
area in the rectangle. (b) The Moravica River basin with A. glutinosa 
(I and II) and A. incana (III and IV) populations marked.
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are formed last and take an apical position on the shoots. Depending 
on the species, they could be characterized by intermediate or more 
complex shapes (Poethig 1990; Nicotra et al. 2011). Individual leaves 
were scanned with the abaxial surface up by means of an Epson Perfec-
tion V370 scanner (Seiko Epson Corporation, Suwa-shi, Nagano-ken, 
Japan) at 600 dpi resolution. Basic leaf shapes of both species were 
described with seven landmarks (Figure 2). Additionally, two curves 
with four semi-landmarks were drawn on both sides of the leaves to 
describe the leaf apex. The tips of the veins immediately above land-
marks 4 and 6 were used as the starting points of these curves.
Statistical analysis: To compare the populations on the basis of 
diarylheptanoid contents and yields of bark EtOH extracts, the 
variables’ mean values [analysis of variance (ANOVA)] or medians 
(Kruskal-Wallis test) were used, depending on the normality of the 
distribution (Shapiro-Wilk test, P > 0.05 indicated normal distribu-
tion). Principal component analysis (PCA) was performed for easier 
comprehension of the structure of the elements and characteristics in 
extensive tabular data. Skewness of data was corrected by transform-
ing [y′ = log10(y + 1)] and standardizing the data. Discriminant analy-
sis (DA) was employed to differentiate a priori defined groups and to 
assort the elements within the predefined groups. Statistical analy-
ses were carried out using Addinsoft XLSTAT 2017  software (Data 
Analysis and Statistical Solution for Microsoft Excel, Addinsoft, 
Paris, France; free trial version) and R statistical software (version 
3.4.0: The R Foundation for Statistical Computing, Vienna, Austria, 
https://www.r-project.org/).
Digitalization of 1458 leaf specimens was carried out by tpsUtil 
(Rohlf 2016a) and tpsDig (Rohlf 2016b). A full Procrustes fit of coordi-
nates and PCA were performed in MorphoJ (Klingenberg 2011).
Results and discussion
Qualitative and quantitative secondary metabolite varia-
tion in a species is influenced by several factors, such as 
plant age and size, tissue type, ontogenic stage, circadian 
and annual cycles (Moore et  al. 2014). Vidaković et  al. 
(2018) demonstrated that the concentrations of the diar-
ylheptanoids (i.e. hirsutanonol-5-O-β-D-glucopyranoside, 
oregonin, hirsutanonol, alnuside A, platyphylloside and 
rubranoside A) and their yields in bark EtOH extracts are 
different in A. glutinosa and A. incana. Chemical structures 
Figure 2: Landmark configurations of A. incana (a) and 
A. glutinosa (b).
Description of landmarks: 1 – beginning of the petiole, 2 – junction 
of the leaf blade and petiole, 3 and 7 – tips of the first pair of 
veins starting from the petiole, 4 and 6 – tips of the pair of veins 
in the widest part of the leaf blade, 5 – apex of the leaf blade, 
8–15 – semi-landmarks.
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Figure 3: Chemical structures and molecular weights of diarylheptanoid compounds used as standards.
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and molecular weights of the diarylheptanoid compounds 
used as standards are presented in Figure 3. In the present 
study, research was extended to two additional popula-
tions that served as a control in order to achieve a greater 
insight into inter- and intraspecies’ chemovariability. The 
first impression of diarylheptanoid abundance was made 
by examining the toned rectangular areas in the heatmap 
(Figure 4) that correspond to the numerical classes of the 
transformed values from the basic table of elements and 
variables (data not shown). Alnuside A and B, being struc-
tural isomers, gave the same precursor and product ions 
for MRM, which could not be separated by UPLC. Thus, 
their sum was the input in further analyses. Alnus gluti-
nosa individuals (upper right area on the map) possess 
<1E-3
1E-3–0.25
0.25–0.5
0.5–0.75
0.75–1
>1
Rubranoside A
Oregonin
Platyphylloside
Alnuside A + B
Yield
Hirs-Glc
79 80 71 77 43 62 57 47 60 50 65 76 52 38 9 32 23 26 34 16 19 31 41 4 6 7
Hirsutanonol
Figure 4: Heatmap – diarylheptanoid content of Alnus spp. individuals from the basic table transformed to shaded rectangular areas  
corresponding to the numerical classes.
The visual impression in the figure was made on the basis of the diarylheptanoid abundance in 80 individuals. Numbers in the axial legend denote 
individuals randomly selected by the software. It is technically impossible to display all the numbers without them overlapping each other.
Figure 5: Comparisons of four populations: A. glutinosa (I, red), A. glutinosa (II, orange), A. incana (III, dark blue) and A. incana (IV, light 
blue) based on: (a) mean values of concentrations of each diarylheptanoid compound (μg mg−1 of ethanol extract), (b) median values of 
concentrations of each diarylheptanoid compound (μg mg−1 of ethanol extract) and (c) median values of bark ethanol extract yields (% w/w).
F = F value (ANOVA) with degrees of freedom. Significant differences among the means were determined by Fisher’s least significant difference 
post hoc test; mean value (colored circle) with standard deviation; H = H value (Kruskal-Wallis test). To determine significant differences 
among the medians, we visually examined features of box-and-whisker plots of median notch; median value (bar) with interquartile range 
(colored rectangle), min-max value and outliers. ns, non-significant difference between the means or medians (P > 0.05). Letters (a, b, c) 
denote statistically significant differences (P < 0.05) among populations.
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higher concentrations of rubranoside A and oregonin, 
and A. incana individuals (lower left area) are richer in 
hirsutanonol-5-O-β-D-glucopyranoside content and have 
higher extract yields.
The main statistical parameters concerning com-
pounds and their extract yields are presented in Figure 5. 
Statistically significant differences are more pronounced 
between “pure” populations (I and III) than between 
“close” populations (II and IV). Populations I and III show 
no difference in the concentration of platyphylloside, 
while populations II and IV do not differ in hirsutanonol 
content.
Chemovariability of the distant locus 
classicus populations of A. glutinosa and 
A. incana
PCA performed on the data from populations I and III 
resulted in the first two principal components (PC1 and 
PC2) explaining 38.8 and 32.3% of the initial informa-
tion, respectively (Figure 6). Based on the sum of squared 
correlations between the variables and factors in the 
plane of PC1 and PC2, oregonin and hirsutanonol-5-O-β-
D-glucopyranoside are the most reliable characteristics 
(sum of r2 higher than 0.9 and 0.7, respectively). Ore-
gonin had the highest impact in the formation of PC1 and 
hirsutanonol-5-O-β-D-glucopyranoside in the formation 
of PC2. The structure of the variables and their relations 
are visualized in Figure 6a and the tendencies between the 
individuals and their clustering, in Figure  6b. Based on 
the sum of squared cosines of points in the principal plane 
of the first two axes, individuals 10, 12, 18, 51 and 55 are 
poorly represented (sum of cos2 < 0.5). The general impres-
sion is that populations I and III are clearly separated. The 
only evident similarity is in the content of platyphyllo-
side, while other components are contrasted between the 
populations. Individuals in population III are character-
ized by higher extract yields and content of hirsutanonol-
5-O-β-D-glucopyranoside, and lower concentrations of 
hirsutanonol, rubranoside A and oregonin, compared to 
individuals from population I (Figures 5 and 6).
Chemovariability of closely located  
populations of A. glutinosa and A. incana
PCA was carried out on the data from populations II and 
IV, and the results show that PC1 accounted for 37.6% 
of the initial information and PC2, for 24.9% (Figure 7). 
Extract yield and oregonin are the most reliable charac-
teristics in the plane of PC1 and PC2 (sum of r2 > 0.8), while 
alnuside A and B and platyphylloside are well represented 
(0.6 < sum of r2 < 0.8), i.e. these variables are the most 
important contributors to the the total variability. Extract 
yield, alnuside A and B and platyphylloside had the most 
influence on the formation of PC1, and oregonin had the 
most impact on PC2. The structure of characteristics and 
their relations can be seen in Figure 7a, while clustering of 
individuals is visible in Figure 7b. Fifteen individuals are 
0
PC1 (38.77%)
PC
2 
(32
.26
%)
–0.25 0.25–0.5 0.5–0.75 0.75–1 1
0
–0.25
0.25
–0.5
0.5
–0.75
0.75
–1
1a
0
PC1 (38.77%)
PC
2 
(32
.26
%)
–3 1–4 –1–2 2–5 3–6 4 5 6
0
–1
1
–2
3
2
–3
–4
4
–5
5
b
Figure 6: PCA of seven variables measured from individuals in populations I and III.
(a) Loading plot. Structure of characteristics/variables in the plane of the first two axes in individuals of locus classicus populations of  
A. glutinosa (I) and A. incana (III). (b) Score plot. Separation of individuals and populations I and III according to the contents of seven variables 
in the plane of the first two axes (individuals labeled 1–21 = I; 42–62 = III). The ellipses describe approximate 95% confidence regions.
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poorly represented in this plane: 24, 27, 28, 29, 31, 33, 36, 
37, 39, 63, 64, 72, 75, 76 and 80 (sum of cos2 < 0.5). Popu-
lations II and IV are more similar to each other than are 
the “pure” populations I and III. Population II individuals 
have higher concentrations of rubranoside A and lower 
platyphylloside content and extract yields when com-
pared to individuals from population IV; individuals from 
both populations show similar concentrations of hirsu-
tanonol (Figures 5 and 7).
Inter- and intraspecific chemovariability of  
A. glutinosa and A. incana
PCA was performed on all four populations of A. glutinosa 
and A. incana (Figure 8), where two distant populations 
of black and gray alder (I and III) served as representa-
tives of “pure” populations. The results confirmed the 
conclusion from our previous study (Vidaković et  al. 
2018) that the interspecific differences in diarylhepta-
noid concentrations are suitable for species identifi-
cation. PCA resulted in a three-component model that 
explained 76.6% of the total data variance. The most 
reliable characteristics in the plane of PC1 and PC2 
are hirsutanonol-5-O-β-D-glucopyranoside, alnuside  A 
and B, yield, platyphylloside and oregonin (0.40 < sum 
of r2 < 0.80). Hirsutanonol-5-O-β-D-glucopyranoside and 
oregonin had the greatest influence on the formation of 
PC1 and PC2, respectively. The structure and relations 
of characteristics are given in Figure 8a. The clustering 
of individuals is easily seen in the plane of the first two 
PCs (Figure 8b). Individuals 5, 10, 12, 18, 24, 64, 65, 71, 
76, 77 and 80 are poorly represented in this plane (sum 
of cos2 < 0.5). All populations display conspicuous intra-
population variability. Although populations are heter-
ogeneous based on the individuals’ characteristics and 
partially overlap, intraspecific differences are notice-
able: individuals from populations I and II (A. glutinosa) 
show differences in concentrations of hirsutanonol-
5-O-β-D-glucopyranoside, platyphylloside and rubra-
noside A and individuals from populations III and IV 
(A. incana) differ in their contents of hirsutanonol-5-O-β-
D-glucopyranoside, oregonin, hirsutanonol and extract 
yield (Figure 5). The most diversified is population IV. It 
seems that the geographical proximity of populations II 
and IV increases their chemical similarity.
DA was employed for the discrimination of a priori 
defined groups and for assorting the elements inside the 
groups (Figure 9). Both the discriminant functions were 
statistically significant (chi-square test, P < 0.01). The first 
discriminant function explained more than 88% of the 
discrimination and it mainly distinguished population III 
from the other groups by higher values for hirsutanonol-
5-O-β-D-glucopyranoside and yield (Figures 5 and 9). The 
second discriminant function mostly separated popula-
tion IV from other populations by lower oregonin and 
higher hirsutanonol values. In total, 67 of 80 data (84%) 
were correctly classified.
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Figure 7: PCA of seven variables measured from individuals in populations II and IV.
(a) Loading plot. Structure of characteristics/variables in the plane of the first two axes in individuals of the geographically close  
populations of A. glutinosa (II) and A. incana (IV). (b) Score plot. Separation of individuals and populations II and IV according to the  
contents of seven variables in the plane of the first two axes (individuals labeled 22–41 = II; 63–80 = IV). The ellipses describe approximate 
95% confidence regions.
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The variability of diarylheptanoids is highly pro-
nounced within populations (Figure 8). Overlapping with 
all the other groups, population IV (A. incana) displayed 
the highest dispersion of individuals. One of the reasons 
for this may be the appearance of hybrids in this popula-
tion located at a small distance (1.2 km) from population II 
(A. glutinosa). Changes in plant phenotype due to hybridi-
zation can affect specific biotic and abiotic interactions 
and can have broader community effects (Gange 1995; 
Whitham et  al. 1999; Caseys et  al. 2015). In general, 
approximately 70% of the chemical traits present in both 
parents are also expressed in hybrids (Orians 2000). The 
quantity of the metabolites may be intermediate between 
the parents, or closer to one of them. Besides, with lower 
frequency, hybrids synthesize compounds that are under- 
or overexpressed, or completely new compounds. Hybrid 
individuals are expected in the overlapping area of confi-
dence ellipses that line out populations II and IV (Figures 
7 and 8), but they may also be represented by single indi-
viduals isolated from a group. In a study of black alder 
populations in Poland, Mejnartowicz (2008) found that 
genetic diversity was higher within populations than 
among them and that the spatial genetic structure of pop-
ulations was formed in connection with the hydrological 
system of the area. A similar scenario is possible in the 
present study of populations belonging to the same river 
system of the Moravica (Figure 1). Equivalent results, i.e. 
more pronounced genetic variation within populations, 
have been obtained for gray alder (Huenneke 1985; Bous-
quet et al. 1988). Such a pattern of genetic variability can 
be seen among woody species with a large geographic 
distribution, long-distance pollen and seed dispersal and 
outcrossing breeding systems, because this set of charac-
teristics facilitates gene flow (Loveless and Hamrick 1984; 
Prat et al. 1992).
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Figure 8: PCA of seven variables measured in individuals from populations I, II, III and IV.
(a) Loading plot. Structure of the characteristics/variables in the plane of the first two axes in individuals from populations I, II, III and IV. 
(b) Score plot. Separation of individuals and populations I, II, III and IV according to the contents of seven variables in the plane of the first 
two axes (individuals labeled according to Figures 6 and 7). The ellipses describe approximate 95% confidence regions.
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Figure 9: DA of four populations of Alnus spp.
Positions of the analyzed individuals and populations within the 
first and second discriminant axes. The ellipses describe approxi-
mate 95% confidence regions.
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Inter- and intraspecific variability of  
A. glutinosa and A. incana leaf shapes
The Procrustes fit of the 1458 leaf configurations sepa-
rated the shape variation into a symmetric component, 
which explained 80.8%, and an asymmetric component, 
which explained 19.2% of the total. The main trends of 
shape variation are represented by the principal compo-
nents of the symmetric covariance matrix. The first three 
PCs explained 89.8% of the total symmetric variation. On 
the plot of the first and second PCs (Figure 10a), A. glu-
tinosa specimens are distributed mainly in the negative, 
and specimens of A. incana are distributed in the posi-
tive segment of PC1. A continuum of leaf shapes can be 
observed along PC1: between obovate shapes with a long 
petiole, narrow-cuneate base and rounded and emargin-
ated apex at the extreme negative end, and ovate shapes 
with a short petiole, wide-cuneate base and acuminate 
apex at the extreme positive end. Between these extremes, 
a transition of shapes and partial overlapping of Alnus 
species can be detected. These results are in accordance 
with earlier reports on morphological delimitation of 
the species and their hybrids (Parnell 1994; Banaev and 
Bažant 2007; Vander Mijnsbrugge 2015). As in the PCA of 
chemical traits (Figure 8b), the search for hybrid individ-
uals in the overlapping zone of the species is important 
(Figure 10a). Nevertheless, leaves that belong to individu-
als from the control populations I and III also appear in 
the overlapping area, indicating a high natural variabil-
ity of leaf shapes within species and the need for more 
detailed morphometric and molecular genetic studies.
The PCA of the asymmetry covariance matrix did not 
show differentiation of species and population in terms of 
asymmetry (Figure 10b). A separate Procrustes fit of indi-
vidual populations shows that the asymmetric component 
varied from 23.0% (population I) to 28.8% (population IV) 
of the total variation.
Analysis of chemical traits and of leaf shapes revealed 
that the main trends of variation were toward species 
differentiation, which confirmed the chemotaxonomic 
power of the selected diarylheptanoids. In addition, 
 diarylheptanoids displayed solid intraspecific differentia-
tion. The intraspecific variability of leaf shapes needs to 
be further investigated.
Conclusions
The most abundant alder diarylheptanoids were quanti-
fied in bark extracts in order to differentiate between locus 
classicus A. glutinosa, locus classicus A. incana and two 
geographically close populations of these species in the 
potential hybridization zone. The results presented here 
broaden the knowledge of the chemovariability and tax-
onomy of these complex species, confirming previous 
findings in terms of diarylheptanoids as good markers at 
inter- and intraspecific levels. Their potential for hybrid 
detection needs to be corroborated by genetic and more 
detailed morphometric studies. Preliminary morpho-
metric analysis revealed transient leaf shapes between 
species, which supports the hypothesis of hybrid appear-
ance. The results of this research performed on trees grown 
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Figure 10: Positioning of individuals and populations I, II, III and IV according to the leaf shape in the plane of the first two PC axes. 
PCA of symmetric (a) and asymmetric (b) covariance matrices of 1458 Procrustes-aligned leaf configurations.
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in an exceptional natural and cultural heritage (Golija-
Studenica Biosphere Reserve, UNESCO-MAB) provide a 
firm scientific basis for the conservation of biodiversity.
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